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An animal model to study measles pathogenesis and the correlates of protective immunity was established using rhesus
monkeys. A measles isolate, obtained during an epidemic of measles in the primate colony at the University of California,
Davis, was passaged through rhesus monkeys and amplified in rhesus mononuclear cells to create a pathogenic virus
stock. Sequence analysis of the nucleoprotein and hemagglutinin genes of this isolate revealed strong homology with the
Chicago 89 strain of measles virus. Conjunctival/intranasal inoculation of juvenile rhesus monkeys with this virus resulted
in skin rash, pneumonia, and systemic infection with dissemination to other mucosal sites and to the lymphoid tissues.
Inflammation and necrosis occurred in the lungs and lymphoid tissues and many cell types were infected with measles
virus on Day 7 postinoculation (p.i.). The most commonly infected cell type was the B lymphocyte in lymphoid follicles.
Measles antigen was found in follicular dendritic cells on Day 14 p.i. In contrast to naive monkeys infected with measles
virus, animals vaccinated with the attenuated Moraten strain did not develop clinical or pathologic signs of measles after
challenge. However, moderate to marked hyperplasia occurred in the lymph nodes and spleen of a vaccinated animal on
Day 7 after pathogenic virus challenge, suggesting that an effective measles vaccine limits but does not prevent infection
with wild-type measles virus. q 1997 Academic Press
INTRODUCTION temic infection inevitably occur before host defense
mechanisms control viral replication and clear infectedThe acute infection and disease caused by the para-
cells. Many nonhuman primate species are susceptiblemyxovirus, measles virus, have been well characterized
to measles infection, but rhesus and cynomolgus ma-in human and in nonhuman primates (Griffin and Bellini,
caques have been most commonly used for experimental1996). Yet the immunologic and the pathologic correlates
infec ti on and d iseas e pathog enesi s (Kalter andof protection from recurrent infection have not been es-
Heberling, 1990; reviewed in Griffin and Bellini, 1996).tablished. The currently used measles vaccine, the atten-
The hallmarks of measles pathogenesis in rhesus mon-uated Moraten strain (Hilleman et al., 1968), is very safe
keys are similar to those in human measles, but theand effective in controlling and preventing epidemics of
incubation period is shortened from about 14 days in themeasles. But the mechanisms of vaccine-mediated pro-
human to 7 days in the monkey (Blake and Trask, 1921b).tection are only partially understood. Further studies of
We have chosen the rhesus monkey as the experimentalmeasles pathogenesis in an animal model are needed
host for practical reasons: measles-seronegative colony-to understand the mechanisms of control of infection and
bred animals are readily available, and the rhesus im-of viral clearance.
mune system is very similar to that of human.Measles virus, one of the most contagious of human
Measles infection is the classical example of an anti-pathogens, is transmitted by the respiratory route. Viral
genic stimulus that induces long-lived immunologicentry and initial replication occur in the conjunctiva and
memory. This may be the case because of the systemicrespiratory mucosa. Infection and inflammation of the
nature of the infection, with widespread viral replicationlower respiratory tract and lungs follow. Viremia and sys-
in lymphoid tissues resulting in highly effective antigenic
stimulation (Ahmed and Gray, 1996). An experimental
1 The nucleotide sequence data reported in this paper have been measles model in the rhesus macaque could provide the
submitted to the GenBank nucleotide sequence database and have basis for addressing the linked issues of virus persis-been assigned Accession Nos. U97349 and U97350.
tence and longevity of immune responses. Evidence for2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (916) 752-2880. E-mail: mbmcchesney@ucdavis.edu. long-lived immune responses after measles vaccination
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or infection of the rhesus monkey is presented in the and were passaged twice per week. Isolation of measles
virus from measles-inoculated animals was performedaccompanying paper (Zhu et al., 1997).
by co-culture of peripheral blood mononuclear cells
(PBMC) or plasma with Raji cells. PBMC were isolatedMATERIALS AND METHODS
from heparinized venous blood by density gradient cen-
Animals and measles immunizations trifugation (Lymphocyte Separation Medium; Organon
Teknika Corp., Durham, NC) (Boyum, 1968). PBMC, 0.5Colony-bred male and female juvenile rhesus ma-
1 106 to 2.0 1 106, were cultured with 1.0 1 106 Rajicaques (Macaca mulatta), seronegative for measles vi-
cells in 10 ml in T25 flasks, passaged twice per week,rus, simian type D retroviruses, simian T-cell lympho-
and observed for CPE. The presence of measles antigentropic virus, and simian immunodeficiency virus, were
was confirmed by indirect fluorescence assay (IFA) usinghoused in accordance with the American Association for
the KK2-mAb to measles nucleoprotein (Bellini et al.,Accreditation of Laboratory Animal Care. The investiga-
1986). To genetically characterize measles isolates, theytors adhered to the guidelines of the Committee on Care
were further passaged in Vero cells (American Type Cul-and Use of Laboratory Animals, National Resources
ture Collection). Vero cells were passaged twice weeklyCouncil. Five animals were immunized with 0.5 ml of
in Dulbecco’s minimal essential medium (Irvine Scien-reconstituted Moraten vaccine (Attenuvax; Merck, Sharp
tific) with 5% FCS. Vero cell cultures were harvestedand Dohme, West Point, PA); (Hilleman et al., 1968) in-
when syncytial CPE was near maximal, typically after twojected subcutaneously. A second immunization was per-
or three passages, and total cellular RNA was preparedformed 4 months later. Five naive control monkeys were
as described (Rota et al., 1992).housed similarly.
Pathology and histologyMeasles virus stock production and animal
Selected animals were euthanized with sodium pento-inoculations
barbital and complete necropsies were performed as
Measles isolates were propagated in Raji and Vero previously described (Miller et al., 1992). Representative
cells as described below, or in rhesus mononuclear cells tissue samples were immediately placed into 10% buf-
isolated from blood, spleen, and lymph nodes. Rhesus fered formalin for histology or snap-frozen in liquid nitro-
mononuclear cells were stimulated with concanavalin A gen-cooled isopentane after embedding in OCT medium
(Sigma Chemical Co., St. Louis, MO), 10 mg/ml, and cul- and then stored at 0707. The formalin-fixed tissues were
tured in RPMI 1640 (Irvine Scientific, Santa Ana, CA) sup- embedded in paraffin and stained with hematoxylin and
plemented with 10% fetal bovine serum (Intergen Co., eosin (H&E). Frozen sections were examined for specific
Purchase, NY), 1% glutamine, penicillin, and streptomycin cell populations using the following mouse anti-human
(Sigma) and 20 U/ml recombinant human IL-2 (donated monoclonal antibodies: anti-CD2/ T lymphocytes (T11;
by Cetus Corp., Emeryville, CA). After the cultures were Coulter Corp., Hialeah, FL), CD4/ T lymphocytes (L200;
inoculated with measles virus, the cultures were ex- Becton Dickinson, Inc., Mountain View, CA; a gift from
panded and fed twice weekly. When maximal cytopathic D. Buck), CD8/ T lymphocytes (Leu-2a, Becton Dickinson,
effect (CPE) was observed (multinucleated giant cells), Inc.), CD20/ B cells (CD20; Dako Corp., Carpinteria, CA),
the cultures were frozen at 0707, thawed quickly at 377, CD68/ macrophages (EBM-11, Dako Corp.), Factor VIII
and clarified of cell debris by centrifugation at 1000 g at positive endothelial cells (F8/86, Dako Corp.), and CD35/
47. The supernatant was aliquoted into 1-ml vials and follicular dendritic cells (CD35; Dako Corp.). Biotinylated
cryopreserved at 01357. The 50% tissue culture infec- mAb KK2 was used to identify measles nucleoprotein
tious dose (TCID50) of the virus stock was determined by (Bellini et al., 1986). GB24, a mAb to CD46, the measles
endpoint dilution co-culture with Raji cells, as described virus receptor, was kindly provided by J. P. Atkinson
(Zhu et al., 1997). For measles virus challenge, an aliquot (Washington University, St. Louis, MO). A fluorescein-
of virus stock was diluted 1 to 2 in phosphate-buffered conjugated horse anti-mouse IgG serum and a Texas
saline (PBS). A total volume of 1 ml was inoculated by Red-conjugated horse anti-mouse IgG serum or streptav-
instilling a single drop into the conjunctiva of each eye idin-Texas Red (Vector Laboratories, Inc., Burlingame,
and the remainder was divided into both nares. CA) were used as secondary antibodies. The stained
slides were examined by epifluorescence microscopyIsolation of wild-type measles virus
using a Zeiss Axiophot microscope with appropriate fil-
ters (Carl Zeiss, Inc., Thornwood, NY). To view double-Viral isolates from the 1987 measles epidemic at the
California Regional Primate Research Center were cryo- labeled slides, a combination fluorescein/Texas Red filter
was used.preserved in liquid nitrogen as Raji culture supernatants
(McChesney et al., 1989). Wild-type isolates of measles
cDNA cloning and sequencingvirus grow readily in Raji cells and produce multinucle-
ated giant cells. Raji cells (American Type Culture Collec- cDNAs for the nucleoprotein (N; Rota et al., 1994) and
hemagglutinin (H; Rota et al., 1992) genes of three mea-tion, Rockville, MD) were cultured in RPMI 1640 medium
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FIG. 1. Histology of measles in a naive rhesus monkey 7 days after conjunctival/intranasal inoculation of the Davis 87 strain of measles virus.
(A) Maculopapular skin rash on the torso and face. (B) Syncytium in the bronchiolar epithelium of the lung. Note an eosinophillic intranuclear viral
inclusion body (arrow) and a cytoplasmic inclusion body (arrowhead). H&E-stained section of formalin-fixed tissue; the bar represents 10 mm. (C–
AID VY 8576 / 6a37$$8576
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TABLE 1
Titration in Monkeys of Measles Virus, Davis 87 Strain
No. Virus Skin
monkeys dilutiona Viremiab rash
2 Neat 2 2
2 1001 2 2
2 1002 2 1
a Conjunctival/intranasal inoculation of the challenge virus stock di-
luted in PBS.
b PBMC-associated viremia on Day 3, 7, or 10 postinoculation.
rhesus monkeys and a human animal care technician
that developed measles. In preliminary experiments we
found that low passage of measles isolates in either Vero
cells or Raji cells attenuated measles virulence in rhesus
monkeys. Direct inoculation after thawing of the human
measles isolate resulted in viremia and skin rash (Fig.
1A). This virus was passaged through two monkeys
which developed skin rash and inflammation in the lung
and lymphoid tissues (see below). The virus was ampli-
fied in culture with mitogen-stimulated primary rhesus
mononuclear cells, and a challenge virus stock was ali-
quotted from the culture and cryopreserved. By endpoint
dilution culture in Raji cells, the measles challenge stock
contained 104.5 TCID50 per milliliter.FIG. 2. Genetic analysis of the Davis 87 strain of measles virus. (Top)
The phylogenetic relationship between Davis 87 and other wild-type Aliquots of the measles challenge stock and of the origi-
and vaccine strains of measles virus based on analysis of the nucleo- nal human isolate were low-passaged in Vero cells and
tide sequences of the coding region of the N gene. (Bottom) The table
then RNA from the cells was reverse transcribed with prim-shows the number of nucleotide/amino acid substitutions in the N or
ers for the H and N genes. cDNA was amplified by PCRH genes of Davis 87 compared to the vaccine strain (Moraten) and a
and clones were sequenced through H and N. The corre-representative Group 2 virus (Chicago 89).
sponding amino acid sequences were aligned and found
to be identical, here designated the Davis 87 strain for
sles virus isolates were synthesized by reverse transcrip- comparison. As shown in Fig. 2, this virus is closely related
tion of total cellular RNA extracted from infected Vero to the Group 2 measles viruses associated with the resur-
cells and amplified by polymerase chain reaction (PCR). gence of measles in the United States from 1988 to 1992
The cDNAs were sequenced by methods previously de- (Rota et al., 1995). The sequence alignments of a Type 2
scribed (Rota et al., 1994). Alignment of H and N amino virus, Chicago 89, and the Davis 87 isolate revealed only
acid sequences and sequence analysis were performed 2 conservative amino acid changes in the nucleoprotein
as previously described (Rota et al., 1992). and 6 conservative changes in the hemagglutinin. In con-
trast, the Davis 87 isolate differs from the Moraten vaccine
RESULTS virus by 15 amino acids in the nucleoprotein and 15 amino
acids in the hemagglutinin (Fig. 2).Production and characterization of a pathogenic
Pairs of rhesus monkeys were inoculated conjuncti-measles virus stock
vally/intranasally (conj/in) with serial dilutions of the chal-
lenge stock to establish a minimal animal infectious doseWild-type measles isolates were cultured in Raji cells
and cryopreserved during a measles epidemic at the resulting in skin rash (Table 1). One of two monkeys
developed a skin rash after inoculation of a 1/100 dilutionCalifornia Regional Primate Research Center in 1987
(McChesney et al., 1989). These were isolates from both of the challenge stock, so the 50% minimal dose to cause
E) Frozen section of lymph node stained with antibody to Factor VIII on endothelial cells (C) and antibody to measles nucleoprotein (D). Endothelial
cells in the left branch of a blood vessel are infected (E, yellow-orange). A single microscopic field is shown using a red filter (C), a green filter
(D), and both filters (E). The bars represent 10 mm. (F –H) Frozen section of lymph node stained with antibody to B lymphocytes (green filter, F) and
antibody to measles nucleoprotein (red filter, G). The same section viewed with both filters (H); the bars represent 10 mm. (I– K) A lymph node
follicle on Day 14 of infection. This frozen section was stained with antibody to follicular dendritic cells (green filter, I) and antibody to measles
nucleoprotein (red filter, G). Measles antigen co-localizes to every follicular dendritic cell (both filters, K). The bars represent 30 mm.
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FIG. 3. Histologic sections of lung tissue from rhesus monkeys 7 days after measles virus challenge. (A) Lung of a rhesus monkey that
had received the Moraten vaccine prior to measles virus challenge. This is essentially normal lung. On the left side, a respiratory bronchiole
with the lumen to the left; the adjacent parenchyma shows the lace-like normal architecture of the alveoli. (B) Lung of a naive, measles-
infected rhesus monkey. The orientation of this picture is the same as for A. The wall of the bronchiole is thickened with mononuclear cell
infiltration and the alveolar septae are also thickened with mononuclear cells and fibrin. These are features of viral interstitial pneumonia
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a skin rash was equivalent to 316 TCID50 . In subsequent is shown in Fig. 4C. This animal received the Moraten vac-
cine approximately 1 year prior to lymph node biopsy.experiments, monkeys were inoculated conj/in with 50
minimal animal infectious doses or 104.2 TCID50 . In the naive, measles-challenged monkeys, there was a
diffuse expansion of mononuclear cells in the lamina propria
of the gut, from the stomach to the distal colon (not shown).Clinical and pathologic changes of measles in naive
This lymphoid hyperplasia was associated with focal disrup-and vaccinated rhesus monkeys
tion of the gut epithelium and, in some areas, the lymphoid
cells extended from the lamina propria through the submu-Five juvenile macaques were immunized with the Mor-
cosa and into the muscularis mucosa. However, there wasaten attenuated measles vaccine followed by a second
no increase in organized gut-associated lymphoid tissue,dose 16 weeks later. These monkeys, and five naive
such as Peyer’s patches. No specific pathology was seencontrol monkeys, were challenged with measles virus,
in the gut of the vaccinated, challenged monkey.104.2 TCID50 conj/in, 56 weeks after the initial immuniza-
tion. On Day 7 postchallenge (pc), one naive monkey
Target cells for measles virus replicationand one immunized monkey were euthanized to measure
measles viral load in lymphoid tissues and to assess Syncytial cells characteristic of paramyxovirus infection
pathology. Two additional naive monkeys that were inoc- were present in the epithelia of the respiratory and genitouri-
ulated with the measles challenge stock were euthanized nary tracts, the esophagus, and the skin. Intranuclear and
on Day 7 or Day 9 pc. cytoplasmic viral inclusion bodies were most evident in the
All the naive monkeys developed a skin rash, which columnar epithelium of respiratory bronchioles in the lung
began on the face and spread to the chest and abdomen, (Fig. 1B). Warthin (1931) and Finkeldey (1931) observed a
on Days 7 to 10 pc. The rash was a maculopapular erup- distinctive viral cytopathic effect of measles virus in the
tion (Fig. 1A), typical of measles, and it faded within 3 lymphoid tissues of humans with measles, multinucleated
to 4 days with mild desquamation. Inflammation of the giant cells. In the lymphoid tissues of measles-infected mon-
eyelids, palbebral conjunctivitis, was also apparent. Ad- keys, two types of multinucleated giant cells were found: a
ditional clinical signs of measles were depression, loss large macrophage or reticulum cell type (Fig. 5) and a
of appetite, and shortness of breath with occasional smaller lymphocytic cell type (Fig. 6). Similar cellular lesions
coughing. The naive animals, which were not euthanized in macaques infected with measles were extensively char-
for experimental reasons, returned to normal health and acterized by Nii et al. (1964). There was no evidence of viral
behavior within 5 to 7 days. After the acute infection, CPE in the epithelium of the gut, and although the epithelium
there were frequent episodes of bacterial gastroenteritis of the small intestine stained positive by immunofluores-
that responded to antimicrobial therapy. In contrast to cence for CD46, the measles virus receptor (Johnstone et
the naive animals, none of the vaccinated animals devel- al., 1993; Naniche et al., 1993), measles N protein was not
oped a skin rash or other clinical signs of measles. detected by immunofluorescence in gut epithelial cells.
The pathology of measles in the naive monkeys consisted However, Warthin-Finkeldey giant cells were found in the
of inflammation and necrosis in the respiratory tract and lymphoid follicles of the gut-associated lymphoid tissue, and
lymphoid tissues and lymphoid hyperplasia in the gut. In the syncytial cells were present in the squamous epithelium of
lung, both necrotizing bronchitis and interstitial pneumonitis the esophagus (not shown).
were evident (Figs. 1B and 3B). In Fig. 3A, the lung tissue Immunofluorescence double-labeling for measles nu-
of a vaccinated monkey after measles challenge is shown cleoprotein and for cellular antigens revealed measles
for comparison. There was no evidence of bronchitis or virus infection of bronchial epithelial cells, endothelial
pneumonia in the vaccinated animal. In the thymus, spleen, cells (Figs. 1C, 1D, and 1E), CD4/ and CD8/ T cells (not
and lymph nodes of the naive monkeys, acute inflammation shown), and macrophages (not shown). However, the
and necrosis disrupted the normal architecture. Secondary most readily detected measles-infected cell was the B
lymphoid follicles were absent or poorly developed in the lymphocyte in lymph node follicles (Figs. 1F, 1G, 1H, and
lymph nodes (Fig. 4B). Similar lymph node changes in mea- 4D). On Day 14 of infection, measles antigen in lymphoid
sles-infected monkeys have been observed by others (Nii tissues was associated with follicular dendritic cells
et al., 1964). This is a structural correlate of measles virus- (Figs. 1I, 1J, and 1K). This was not apparent in lymph
induced immunosuppression (McChesney and Oldstone, nodes on Day 7 of infection (not shown).
1989). In striking contrast, the lymphoid tissues of the vacci-
nated and measles-challenged monkey were expanded with DISCUSSION
follicular and perifollicular hyperplasia (Fig. 4A). For compari-
son with the lymph node changes in the naive and vacci- Here, we establish a model of measles that resembles
the human disease in an animal host with an immunenated monkeys, the lymph node of a normal healthy monkey
and bronchiolitis (not visible at this magnification; the ciliated bronchiolar epithelium is denuded in places and there are syncytia with viral inclusion
bodies in the nucleus and cytoplasm). For both photomicrographs, the bars represent 40 mm.
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FIG. 4. Histologic sections of lymph nodes from rhesus monkeys on Day 7 after measles virus challenge. (A) Lymph node of a rhesus monkey
that had received the Moraten vaccine prior to measles virus challenge. The cortex of the node is expanded with large secondary follicles (one
follicle is demarcated by arrows) containing enlarged germinal centers, typical of benign follicular hyperplasia. (B) Lymph node of a naive, measles-
infected monkey. The cortex is moderately disrupted with acute inflammatory cells (not visible at this magnification), and the follicles are either
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small, primary type, or small, secondary type (demarcated with arrows) with necrosis in the follicular centers. (C) Lymph node of a normal rhesus
monkey of the same age and 1 year after vaccination with the Moraten virus. (D) Lymph node from a naive monkey on Day 7 after challenge; this
frozen section was stained with antibody for immunofluorescence. Measles nucleoprotein (light areas) is localized heavily over two follicles in the
cortex. For all these photomicrographs, the bars represent 80 mm.
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FIG. 5. Measles cytopathic effect in lymphoid tissue. A multinucleated giant cell; its long dimension is indicated by two large arrows. The large
vesicular nuclei and abundant cytoplasm are consistent with a macrophage origin of this cell. The small arrows point to four examples of cells
with pyknotic nuclei, suggestive of single-cell CPE. The bar represents 10 mm.
system very similar to that of humans. Several of the euthanized on Day 7 pc were follicular and perifollicular
hyperplasia in the lymph nodes and spleen. This was aclinical signs of measles were elicited reproducibly using
a cryopreserved challenge virus stock and an ocular/ striking contrast to the changes in the lymphoid tissues
of the naive animals. To our knowledge, this lymphoidrespiratory mucosal route of exposure. The most im-
portant pathological change, pneumonitis, resembled the hyperplasia has not been previously reported in measles-
immunized humans or monkeys after exposure to patho-common form of measles pneumonia in infants and chil-
dren, which may be life threatening. The leukopenia of genic measles virus. We hypothesize that this hyperpla-
sia is due to the anamnestic immune responses tomeasles was observed in a minority of infected monkeys
(data not shown). Measles is a systemic infection with measles virus, with secondary polyclonal B and T cell
activation. We propose further that this systemicwidespread dissemination to epithelial cells, endothelial
cells, and lymphoid tissues. This systemic component of lymphoid hyperplasia is due to a limited measles infec-
tion of the vaccinated host.measles infection was evident in the rhesus monkey.
Syncytial CPE was found in many epithelia and infected The pathologic changes of measles in rhesus mon-
endothelial cells were found in many tissues. There was keys reported here are similar to the observations of
striking inflammation and necrosis in the lymph nodes other investigators (Kobune et al., 1996; reviewed in Grif-
and spleen of infected monkeys on Days 7 to 9 pc, at the fin and Bellini, 1996). However, using immunofluores-
time of onset of the skin rash. In these tissues, measles cence double-labeling of tissues for cellular antigens and
antigen was found most commonly in the B lymphocytes measles nucleoprotein, we show here that the cellular
of lymphoid follicles on Days 7 to 9 and in follicular den- targets of infection include epithelial cells, endothelial
dritic cells on Day 14 pc. cells, lymphocytes, and macrophage. Further, we demon-
strate that the most commonly infected cell type on DayIn contrast to the naive monkeys in this study, monkeys
immunized with the live, attenuated Moraten vaccine did 7 is the B lymphocyte in lymph node follicles (Figs. 1F,
1G, 1H, and 4D). This observation has not been reportednot develop measles after pathogenic virus challenge,
although one vaccinated animal had a very short term of by others and it requires further investigation at the sin-
gle-cell level of sorted cell types. In children with mea-viremia after challenge (Zhu et al., 1997). The only notable
pathologic changes in the vaccinated animal that was sles, the most commonly infected cell type in peripheral
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FIG. 6. Measles cytopathic effect in lymphoid tissue. Three small multinucleated cells are shown (arrows). The small condensed nuclei and
sparse cytoplasm are consistent with a lymphocyte origin for these cells. The bar represents 10 mm.
P. Vogt, and S. Joye for expert technical assistance. This research wasblood is the monocyte (Esolen et al., 1993). In addition,
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